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Introduction {#sec1}
============

Synthetic polymer materials with desired functionalities in the form of plastics, fibers, rubbers, etc., have played significant roles in human life since last century, which rely mainly on the prosperous development of polymerization and modification methodologies. Polymerization and modification are two fundamental aspects of polymer chemistry and have played central roles in the history of polymer chemistry ([@bib32], [@bib23], [@bib13], [@bib5], [@bib40], [@bib7], [@bib34], [@bib42]). Generally, polymer modification can be implemented either during the monomer synthesis or by post-polymerization modification ([Scheme 1](#sch1){ref-type="fig"}A) ([@bib46], [@bib47], [@bib31], [@bib12], [@bib22], [@bib18], [@bib53]). However, these broadly applied two-step strategies have many disadvantages including time consumption, waste of resources, and solubility issues. And complete post-polymerization modification is a considerable challenge owing to the reduced reactivity of functional groups on the polymer chain and the embedding as well as the shielding effect of the polymer chain on functional groups. We questioned whether a one-step strategy can be developed to overcome the disadvantages by realizing synchronized polymerization and modification in one step, constructing and modifying a polymer simultaneously. To develop a one-step strategy to implement polymerization and modification will enable step-economy and efficient complete modification and is therefore highly desirable.Scheme 1The Introduction of Radical Cascade Reaction into Polymer Chemistry toward Synchronized Polymerization and Modification in One Step(A) Polymer modification methods. (B) The highly efficient and selective iron-catalyzed three-component alkene carboazidation is used as an example of radical cascade reaction in organic chemistry. (C) Radical cascade polymerization through alkene functionalization polymerization.

The introduction of organic reactions to polymer chemistry has received considerable research effort for its convenient and versatile effect on the development of new polymerization methodologies. However, not all organic reactions are potential candidates for the design of new polymerization methodology. Only highly efficient and selective organic reactions are suitable to be introduced into polymer chemistry to develop new polymerization methodology. For example, atom transfer radical addition reaction ([@bib50], [@bib37]), radical addition-fragmentation reaction ([@bib35], [@bib9]), olefin metathesis reaction ([@bib45], [@bib3], [@bib4]), Suzuki coupling reaction ([@bib33], [@bib27], [@bib25], [@bib41], [@bib59], [@bib1]), Michael addition reaction ([@bib30], [@bib48]), Stille coupling reaction ([@bib2], [@bib28], [@bib58], [@bib15]), click chemistry reactions ([@bib17], [@bib16]), multiple components reactions ([@bib11], [@bib10], [@bib26], [@bib54], [@bib55], [@bib57]), Barbier reaction ([@bib43], [@bib21]) etc. have been successfully introduced into polymer chemistry to develop desired polymerization methodologies ([@bib44], [@bib20], [@bib19], [@bib29]). These polymerization methodologies have expanded the structure and functionality library of polymer chemistry in the past decades. The introduction of highly efficient and selective organic reactions into polymer chemistry is therefore highly desirable for polymer science.

Radical cascade reactions (RCRs) are cascade reactions involving two or more radical procedures and bond formation. They have attracted considerable interest in modern organic synthesis for their versatility in alkene addition and functionalization ([@bib6], [@bib38], [@bib52], [@bib49], [@bib56], [@bib60], [@bib61]). Attributed to the cascade feature of RCR, they feature the chemical procedure of carbon-carbon bond and complete carbon-X (functional moieties including azide, amine, hydroxide) formation in one step ([Scheme 1](#sch1){ref-type="fig"}B). We therefore hypothesize that the exploration of RCR exhibiting extremely high efficiency and selectivity on formation of carbon-carbon and carbon-X bonds and its introduction into polymer chemistry will enable the polymerization through continuous carbon-carbon bond formation and complete modification through carbon-X formation in a single step.

Herein, we demonstrate the introduction of iron-catalyzed three-component alkene carboazidation RCR into polymer chemistry to develop radical cascade polymerization (RCP) through alkene functionalization polymerization, a novel polymerization methodology. This iron-catalyzed three-component alkene carboazidation RCR exhibits extremely high efficiency and selectivity in the formation of carbon-carbon and carbon-azide bonds. Attributed to its efficiency, selectivity, and cascade feature, this RCP enables the polymerization and complete modification in one step. For better understanding the versatility of RCP methodology, RCP polymers are further demonstrated as α, β, and γ amino acid polymer precursors. This work therefore not only expands the methodology library of polymerization, but also opens a window for polymer science to achieve polymer materials with tailored chemical functionality from *in situ* polymerization.

Results and Discussion {#sec2}
======================

According to our previous work, iron-catalyzed three-component carboazidation of alkenes is an RCR involving alkenes, azidotrimethylsilane (TMSN~3~). and iodides. It shows high efficiency and selectivity in the formation of carbon-carbon and carbon-azide bonds, resulting in azides containing functional compounds or amino acids precursors when R or R′ contain ester groups ([Scheme 1](#sch1){ref-type="fig"}B). ([@bib56]) In this three-component RCR, cascade radical reactions take place via iron-catalyzed radical generation, iodine atom transfer, radical addition, and iron-catalyzed azido group transfer, producing carbon-carbon bond formation and carbon-azide bond formation. The iodide and TMSN~3~ serve as carbon and azide sources. In the hypothesis of RCP by introducing RCR into polymer chemistry to realize synchronized polymerization and modification, RCR candidates should show high efficiency and selectivity. This highly efficient and selective carbon-carbon bond formation can avoid other carbon source contamination that may terminate polymerization, whereas that of carbon-azide bond formation can avoid the radical polymerization of alkene by itself.

To prove the above hypothesis of introducing iron-catalyzed three-component alkene carboazidation RCR into polymer chemistry to realize synchronized polymerization and modification in one step, the A~2~+B~2~ type RCP was therefore designed with dienes, 1,4-diiodoperfluorobutane, and TMSN~3~ as three-component monomers; iron(II) trifluoromethanesulfonate (Fe(OTf)~2~) as catalyst; and *tert*-butyl peroxybenzoate (TBPB) as a radical initiator ([Scheme 1](#sch1){ref-type="fig"}C). To verify the above attempt to introduce RCR into polymer chemistry, iron-catalyzed RCPs were carried out in 1,2-dimethoxyethane (DME). A series of azide-containing polymers were successfully synthesized and are shown in [Table 1](#tbl1){ref-type="table"}. Taking the RCP of a diene monomer, 1,4-divinylbenzene as an example, its successful RCP was verified by NMR and Fourier transform infrared spectroscopy (FTIR) spectra ([Figure 1](#fig1){ref-type="fig"}). From ^1^H NMR spectra shown in [Figures 1](#fig1){ref-type="fig"}A and 1B, the product shows broader peak signals in comparison with the sharp peak signals from the monomer, which is a typical phenomenon associated with polymerization. The successful polymerization can be further verified by the disappearance of signals from the vinyl group at 6.70, 5.72, and 5.24 ppm and the appearance of signals for carbon-carbon bond formation at 2.62--2.36 ppm and carbon-azide bond formation at 4.90 ppm in the ^1^H NMR spectra ([Figures 1](#fig1){ref-type="fig"}A and 1B). From the ^13^C NMR spectra shown in [Figures 1](#fig1){ref-type="fig"}C and 1D, the polymerization is verified by the disappearance of signals from the vinyl group at 136.49 and 113.78 ppm and the appearance of signals for carbon-carbon bond formation at 37.59 ppm and carbon-azide bond formation at 58.62 ppm. From the ^19^F NMR spectra shown in [Figures 1](#fig1){ref-type="fig"}E and 1F, the signal at −58.82 ppm (CF~2~-I) disappeared and a signal appeared at −123.34 ppm (CF~2~-CH~2~) after polymerization. From the FTIR spectra shown in [Figures 1](#fig1){ref-type="fig"}G and 1H, the polymerization is verified by the disappearance of absorption bands at 1,628 and 988,906 cm^−1^, which were assigned to the stretching vibration of C=C and in-plane bending and wagging vibration of = C-H in the alkene, respectively. Meanwhile, new spectral bands due to carbon-carbon bond formation and carbon-azide bond formation appeared at 1,249 and 2,103 cm^−1^. These are the stretching vibration of C-F and N~3~, respectively. The tiny amount of residual signal from the vinyl group at 6.70, 5.72, and 5.24 ppm and the signal from the iodide at −58.59 ppm (CF~2~-I) in ^1^H NMR and ^19^F NMR spectra of the polymer verify the presence of the terminal vinyl group and iodide at each end of the polymer chain. The successful preparation of the polymer is further verified by GPC curve with a M~n~ of 5,100 and PDI of 1.78. These results of vinyl group addition, carbon-carbon bond formation, carbon-azide bond formation, and terminal groups are all confirmed and are evidence for the successful iron-catalyzed RCP of 1,4-divinylbenzene, 1,4-diiodoperfluorobutane, and TMSN~3~, resulting in an azide-containing polymer with a terminal vinyl group and an iodide on each end of the polymer chain. Other examples of RCP are listed in [Table 1](#tbl1){ref-type="table"} and [Figures S1--S9](#mmc1){ref-type="supplementary-material"}. These results serve to confirm that these RCPs undergo vinyl group addition, carbon-carbon bond formation, and carbon-azide bond formation, resulting in polymerization and complete modification in one step.Table 1The Alkene Structures and Results of Polymers Synthesized by Radical Cascade PolymerizationEntrySubstrateProductConv. (%)[a](#tblfn1){ref-type="table-fn"}Mn[b](#tblfn2){ref-type="table-fn"}Mw[b](#tblfn2){ref-type="table-fn"}PDI[b](#tblfn2){ref-type="table-fn"}1![](fx2.gif)![](fx11.gif)995,1009,1001.782![](fx3.gif)![](fx12.gif)994,3006,6001.533![](fx4.gif)![](fx13.gif)983,0004,4001.474![](fx5.gif)![](fx14.gif)984,2005,7001.365[c](#tblfn3){ref-type="table-fn"}![](fx6.gif)![](fx15.gif)973,4005,4001.596![](fx7.gif)![](fx16.gif)996,80011,7001.727[d](#tblfn4){ref-type="table-fn"}![](fx8.gif)![](fx17.gif)99\--[e](#tblfn5){ref-type="table-fn"}8[d](#tblfn4){ref-type="table-fn"}![](fx9.gif)![](fx18.gif)997,80013,7001.769[d](#tblfn4){ref-type="table-fn"}![](fx10.gif)![](fx19.gif)984,6007,2001.57[^2][^3][^4][^5][^6][^7]Figure 1Radical Cascade Polymerization of an Alkene Through Alkene Functionalization Polymerization1,4-Diiodoperfluorobutane (IC4F~8~I) and azidotrimethylsilane (TMSN~3~) were used as monomers. Reaction conditions: alkene (1 mmol, 1.0 eq.), IC4F~8~I (1.0 eq.), TMSN~3~ (2.5 eq.), TBPB (3.0 eq.), Fe(OTf)~2~ (5 mol%), and DME (1 mL), r.t, 40 h.(A and B) ^1^H NMR spectra (A: alkene; B: polymer).(C and D) ^13^C NMR spectra (C: alkene; D: polymer).(E and F) ^19^F NMR spectra (E: 1,4-diiodoperfluorobutane; F: polymer).(G and H) FTIR spectra (G: alkene; H: polymer).

It is also clear that the introduction of RCR into polymer chemistry works smoothly not only for styrene-like monomers, but also for acrylates and alkyl alkenes, giving polymers with moderate molecular weight and high conversion. These results indicate this developed RCP is a versatile method to enable polymerization and modification in one step. For styrene and acrylate monomers, their RCP gives complete conversion of carbon-azide bond formation, resulting in fully functionalized products. When an alkyl alkene was used as monomer, its RCP exhibited controlled azide/iodine modification of the resulting polymers, as shown in [Figure 2](#fig2){ref-type="fig"} and [Figure S10](#mmc1){ref-type="supplementary-material"}. With the increase in the amount of TMSN~3~, Fe(OTf)~2~, and temperature, the azide/iodine ratio can be tuned and increased from 2.4:1 to \>49:1. Detailed investigations on the influence of catalyst amount, TMSN~3~ amount, and temperature on controlled modification are shown in [Table 2](#tbl2){ref-type="table"}. As Fe(OTf)~2~, TMSN~3~, and temperature are increased, the less stable iodine product will form corresponding radical and transfer to azide product, resulting in the decrease of iodine and the increase of azide. So, the azide/iodine ratio can be adjusted from 0.97/1 to \>49:1, correspondingly. Traditional cascade or tandem polymerizations are carried out stepwise or in tandem with different polymerization mechanisms, different reaction types, or different monomers in one pot ([@bib14], [@bib39], [@bib36], [@bib8], [@bib24], [@bib51]). This RCP, however, is realized in a one-step radical procedure through RCR. The introduction of RCR into polymer chemistry in the development of the RCP method is therefore novel in that it offers versatile control of polymerization and modification in one step.Figure 2Controlled Azide/Iodine Modification of Resulting Polymers via One-Step RCP(A) Fe(OTf)~2~ (5 mol%), TMSN~3~ (1.5 eq.), TBPB (3.0 eq.), 40°C.(B) Fe(OTf)~2~ (15 mol%), TMSN~3~ (4.0 eq.), TBPB (5.0 eq.), 70°C.Table 2Results of the Influence of Feed Ratio and Polymerization Condition on Controlled Azide/Iodine Modification via One-Step RCP![](fx20.gif)EntryTMSN~3~(X eq.)Fe(OTf)~2~ (X mol%)TBPB (X eq.)Temperature (°C)N~3~/I (a/b)11.053.0400.97:121.553.0402.4:132.553.0r.t2:144.0105.0403.0:154.0105.0503.6:164.0155.070\>49:1

The introduction of RCR into polymer chemistry not only demonstrates versatility in the control of polymerization and modification in one step, but also enables the synthesis of a series of α, β, and γ type poly(amino acid) precursors, as shown in [Table 1](#tbl1){ref-type="table"}. Taking the polymer precursor shown in [Figure 4](#fig4){ref-type="fig"} as an example, further reduction of the azide to an amine and deprotection of the ester to a carboxylic acid by NaSH results in polymers containing amino acids. The successful preparation of this α-amino acid containing polymer is confirmed by FTIR spectra, as shown in [Figure 3](#fig3){ref-type="fig"}, which shows the complete disappearance of absorption bands at 2,129 cm^−1^ (stretching vibration of azide group) and the appearance of a new broad signal at 3,399 cm^−1^ from the stretching vibrations of the amine and hydroxide groups. Meanwhile, the stretching vibration of C=O was shifted from 1,728 to 1,626 cm^−1^ owing to the conversion of ester groups to carboxylic acid groups. These azide-containing polymers show other potential applications with regards to the versatile azide group. An example of this is the production of bottlebrush polymers.Figure 3Reduction and Deprotection of Precursor in the Preparation of Poly(α-Amino Acid)(A) FTIR spectrum of poly(α-amino acid) precursor.(B) FTIR spectrum of poly(α-amino acid).

Mechanistic Study {#sec2.1}
-----------------

To further investigate the mechanism of RCP, density functional theory studies were also conducted to exhibit how RCP realizes synchronized polymerization and modification in one cascaded step. The results for RCR of 1,4-divinylbenzene or octa-1,7-diene, 1,4-diiodoperfluorobutane and TMSN~3~ are shown in [Figures 4](#fig4){ref-type="fig"} and [S11](#mmc1){ref-type="supplementary-material"}, respectively. Once the carbon radical is formed through a single electron transfer from the iron (II) catalyst to TBPB, the iodine abstraction between 1,4-diiodoperfluorobutane and the formed carbon radical in the formation of an iodoperfluorobutyl radical (int1) shows the lowest barrier pathway with only 7.3 kcal/mol of free energy barrier. Then, the perfluorobutyl radical adds onto the 1,4-divinylbenzene without barrier to deliver the benzyl radical int2 with high exergonicity of 32.5 kcal/mol. These free energy-favored processes guarantee the efficiency and selectivity of carbon-carbon bond formation in the formation of int2 to inhibit the radical polymerization of alkene by itself. Further calculations indicate **int2** will undergo two competitive pathways through reacting with a C~4~F~8~I~2~ or a Fe^III^N~3~ depending on alkene types, resulting in formation of carbon-azide bond and carbon-iodine bond, respectively. For styrene-type monomer, it shows sufficient efficiency and selectivity on the carbon-azide bond formation, attributed to the unfavorable iodoperfluorobutyl radical reproduction by the stable benzyl radical int2, which is an endergonic pathway with relatively higher barrier of 17.4 kcal/mol ([Figure 4](#fig4){ref-type="fig"}). For alkyl alkene-type monomer, the observation of iodine addition product in the reaction of octa-1,7-diene is due to the homenergic iodoperfluorobutyl radical reproduction by alkyl radical int4 with lower barrier (14.5 kcal/mol, [Figure S11](#mmc1){ref-type="supplementary-material"}), resulting in tunable carbon-azide bond and carbon-iodine bond formations by adjusting the amount of TMSN~3~ and Fe(OTf)~2~.Figure 4The Free Energy Profile of RCP Involving 1,4-Divinylbenzene

Based on the above characterizations of polymer structures and mechanism studies, a plausible mechanism for this iron-catalyzed three-component alkene carboazidation RCP is shown in [Scheme 2](#sch2){ref-type="fig"}. This RCP is initiated by a single electron transfer from the iron (II) catalyst to TBPB generating a carbon radical (C⋅) and an iron (III) complex. The iodine atom in the diiodo compound was abstracted by the carbon radical to form a new radical (IR'⋅), which will add to the divinyl alkene giving an intermediate. Meanwhile, the iron (III) complex exchanges the ligand with TMSN~3~ to generate the iron (III) azide complex, which reacts with a radical intermediate to end one radical cascade polymerization cycle with the formation of an azide-containing iodoalkene compound and iron (II) complex which is used in the next polymerization cycle. With the continuous step-growth RCR, the iron-catalyzed three-component alkene carboazidation type of RCR has been successfully introduced to polymer chemistry in the development of RCP, enabling synchronized polymerization and modification in one pot, where the sufficient efficiency and selectivity on the carbon-carbon bond and carbon-azide bond formations play key roles.Scheme 2Mechanism of Iron-Catalyzed Three-Component Alkene Carboazidation RCP Through Alkene Functionalization Polymerization

Conclusion {#sec2.2}
----------

In summary, we have successfully introduced the radical cascade reaction into polymer chemistry. This has resulted in the development of radical cascade polymerization toward synchronized polymerization and modification in one pot. In this process, the high efficiency and selectivity of iron-catalyzed three-component alkene carboazidation on the carbon-carbon and carbon-azide bond formation play significant and critical roles in alkene functionalization polymerization. Through iron-catalyzed three-component alkene carboazidation radical cascade polymerization, a series of azide-containing functional polymers have been prepared, including a series of α, β, and γ poly(amino acid) precursors. This work therefore expands the methodology library of polymerization and provides a one-step strategy for synchronized polymerization and modification. In view of the rapid development in radical cascade reactions of alkene difunctionalization in the last 10 years and the ever-increasing research interests on this area in organic chemistry, this work also opens up a window for polymer science to achieve functional polymers with tailored chemical functionality not limited to azide during *in situ* polymerization.

Limitations of the Study {#sec2.3}
------------------------

This study focuses on the demonstration of synchronized polymerization and modification in one step, by introducing radical cascade reaction into polymer chemistry to develop a new polymerization methodology, i.e., radical cascade polymerization. The substrates used in this study contain perfluorobutanes, which may cause difficulty in investigating the functionalities of resulting poly(amino acid)s in aqueous solution. Fortunately, the solubility deriving from the substrates will form hydrophobic domain of poly(amino acid)s and endow poly(amino acid)s with amphiphilicity, which may exhibit special functionality as self-assemblies in aqueous solution.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods, Figures S1--S23, and Tables S1 and S2
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